Single cells of adult rat ventricle were separated with 0.1% trypsin and 0.05-0.1% collagenase. Ten percent of these cells were tubular and striated, contracted spontaneously in the presence of 0.05 mM CaCl 2 or after addition of 0.1-0.5 mM CaCl 2 , and developed con fracture in 1 mM CaCl 2 . A resting potential of -30 to -50 mv and an action potential more than 100 msec in duration were recorded in some of the cells. These relatively intact cells were contrasted with myocardial fibers (10-lOOyu,) obtained by homogenization. In the presence of 0.025 mM ethyleneglycol bis(y3-aminoethylether)-N, N'-tetraacetic acid (EGTA), localized cyclic contractions with intracellular asynchrony were observed under the phase microscope in obviously disrupted areas of these mechanically separated fibers. These contractions were insensitive to the ratio of Na + to K + , and neither resting potentials nor action potentials were observed. Thus, these disrupted fibers were considered skinned fibers of cardiac muscle; this assumption was further supported by the absence of modification of fiber sensitivity to Ca 2+ by simultaneous skinning with EDTA. Effects of Ca 2+ were studied with control of pCa in the medium by EGTA-Ca buffers, either directly on the homogenate or after depletion of Ca 2+ content of the tissue. At 22°C, pH 7.0, and in the presence of 4 mM MgCL, 5 mM adenosine triphosphate, and 2 mM EGTA, cyclic contractions were inhibited and a tonic contraction was induced at a pCa of 6.25-6.5, which represented the threshold for activation of myofilaments. With the same medium but with low EGTA (less than 0.2 mM), cyclic contractions were obtained if pCa was equal to or lower than 7.4-7.6. Therefore, these contractions corresponded to a cyclic release of Ca 2+ from cellular stores, yielding a transient activation of myofilaments. This large release of Ca
content of the tissue. At 22°C, pH 7.0, and in the presence of 4 mM MgCL, 5 mM adenosine triphosphate, and 2 mM EGTA, cyclic contractions were inhibited and a tonic contraction was induced at a pCa of 6.25-6.5, which represented the threshold for activation of myofilaments. With the same medium but with low EGTA (less than 0.2 mM), cyclic contractions were obtained if pCa was equal to or lower than 7.4-7.6. Therefore, these contractions corresponded to a cyclic release of Ca 2+ from cellular stores, yielding a transient activation of myofilaments. This large release of Ca 2 + within the fiber was induced by a small addition of Ca 2+ to the medium. It was concluded that a regenerative release of Ca 2+ could be demonstrated in heart muscle under these conditions. Localized cyclic contractions were not observed in disrupted fibers of frog heart, in which spontaneously beating cells could be separated with enzymes.
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• The study of skeletal muscle fibers from which the sarcolemma has been removed by micro dissection (skinned fibers) has provided
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however, preclude the direct application of this technique to heart muscle. Use of ethylenediaminetetraacetic acid (EDTA) to enhance permeability to Ca 2+ demonstrated that tension development in cardiac muscle was dependent on [Ca 2+ ] (6). However, this chemical skinning may be inhomogeneous or incomplete due to healing over of cardiac cells. In addition, contractions localized to limited areas (3) (4) (5) within a cell may not be readily measurable at the ends of the muscle. Accordingly, we developed a preparation consisting of mechanically skinned myocardial fibers approximating the size of a cardiac cell. These fibers were prepared by a homogenization technique similar to one used to prepare separated cells from adult myocardium (7) . We found (8, 9 ) that this technique yields broken cells. With appropriate optical methods, localized contractions were observed in segments of fibers despite large interruptions in the surface membrane (sarcolemma).
In this report, electrical and mechanical activity and effects of ionic modifications were studied comparatively in the broken fibers and in myocardial cells separated by enzymatic techniques (10) . With these latter techniques, isolated cells with closed sarcolemmas (11) could be obtained. Furthermore, an action potential has been recorded in these intact single cells (9) . The term isolated cells will be used for these enzymatically separated cells, and the term disrupted fibers will be used for the fragments of cells or groups of cells with disrupted sarcolemmas obtained by mechanical homogenization. Comparison of these two types of preparation supports the statement that the disrupted fibers are indeed skinned. Accordingly, the effects of Ca 2+ were studied with methods similar to those used on skinned fibers of skeletal muscle, and the possibility of a regenerative release of Ca 2+ (3) (4) (5) by internal stores was examined.
Methods
Most of the experiments were done comparatively on rat or frog ventricle. For mechanical disruption the comparison was extended to atrial tissue of rat and frog, ventricular and atrial tissue of rabbit and cat, and white (frog semitendinosus) and red (rabbit masseter) skeletal muscles.
ENZYMATIC SEPARATION OF CARDIAC CELLS
Adult rats (180-220 g) or frogs (Rana pipiens) were decapitated, and the heart was rapidly removed. Ventricular tissue was minced with a razor blade into fragments of approximately 2 x 2 x 1 mm; weight of muscle used was 50-70 mg. These fragments were incubated at 36 ± 0.5°C in 3 ml of buffer containing NaCl 132 mM, KC1 5 mM, imidazole 18 mM, MgCl 2 1 mM, glucose 7 mM, phenol red 2 HIM or methylene blue 1 mM, trypsiri (Difco 1:250) 0.1%, and collagenase (Worthington 198 units/mg) 0.1$, pH 7.40 at 22°C. No Ca 2+ was added, but 0.05-0.07 mM Ca 2+ was measured (mainly due to trypsin and collagenase). In some experiments trypsin was replaced by 0.2% hyaluronidase. After 25 minutes of incubation with shaking at 30/min, the supernatant fluid was removed and replaced by 3 ml of the same buffer with only 0.05% collagenase. After another 25 minutes of incubation with shaking, the supernatant fluid was again removed and replaced by the same buffer containing 0.05% collagenase. These operations were repeated every 25 minutes. Isolated cells in the supernatant fluid between 1 and 3 hours after the initial dissection of the heart were used for physiological studies after dilution in the incubation medium without enzymes but with the addition of CaCl 2 (0.1-1.5 mM). Centrifugation was not used to obtain the cells from the supernatant fluid, since mechanical trauma appeared to damage them. With the amount of tissue and imidazole buffer described, pH was constant. However, with large amounts of tissue or incubation periods longer than 25 minutes, acidosis was observed, resulting in irreversible damage of the preparation.
MECHANICAL DISRUPTION OF FIBERS
Under the standard conditions used for comparison with the enzymatically separated cells, tlie tissue was dissected and placed in a buffer at 2°C containing KC1 or NaCl 132 mM, MgCl 2 4 mM, Na^ATP 5 mM, glucose 7 mM, imidazole 18 mM, and ethyleneglycol bis(/3-aminoethylether)-N, N'-tetraacetic acid (EGTA) 0.025 mM, pH 7.0. After rinsing in this buffer, 500-700 mg of tissue was placed in 25 ml of the same buffer and blended in a Virtis 45 homogenizer mounted with two blades. Speed and time of homogenization were adjusted to obtain fragments of tissue ranging between 10 and 100^,. The homogenate was stored at 2°C and samples diluted (1:10) in media of various compositions, as described in Results.
For the study of effects of Ca 2 + , various levels of EGTA were used (0-2 mM) with the same medium with and without addition of Ca 2 + . Fibers partly depleted of Ca 2 r were prepared by homogenization in a medium with a high 
MICROPHYSIOLOGICAL TECHNIQUES
An inverted phase microscope (Zeiss UPL) with long working distance phase objectives (25x, 40x, lOOx) and a long distance between the condenser and the specimen stage was used to observe cellular preparations. A photochanger permitted simultaneous use of two of the following systems: binocular eyepieces, a television camera, a 16-mm Bolex camera, or a photomultipHer. The entire system was mounted on vibration-free stands.
Samples suspended in buffer were studied in depression slides, either 0.1 or 1 ml, with no oxygenation other than ambient air. Under these conditions, enzymatically separated cells continued beating for 20-30 minutes and disrupted fibers for 15-20 minutes. Studies were done within 5-10 minutes after placing the sample on the microscope stage. Alterations of the composition of the bathing medium were studied by (1) precise dilution of the homogenate with various buffers or (2) microinjection with a lOyu microelectrode which permitted the study of transient modifications on the same fiber. Furthermore, the diffusion Circulation Rnetrcb, Vol. XXXI, Sipumbtr 1972 of a solution from the tip of a microelectrode (3^i) placed in contact with a fiber was used to provoke modifications within a limited area of the fiber.
MECHANICAL RECORDINGS
Contractions of fibers were recorded simultaneously with two complementary techniques: a television camera (Panasonic WV 220 P Vidicon camera) and a photomultiplier (AO Reichert microphotometer) adapted to the Zeiss microscope. The microphotometer output, filtered above 200 Hz, was displayed on an oscilloscope and recorded on an oscillograph. With this photomultiplier, variations in the transmittance of light were measured (14) in an area of the cell limited by a calibrated diaphragm. When a cell thickened during contraction, its optical density increased and the transmittance of light decreased. However, variation of optical density could also result from displacement of a cell, so that an area of a different optical density was brought under the aperture of the photomultiplier. To avoid errors in interpretation of the photomultiplier recording, two television cameras were used simultaneously, one viewing the screen of the oscilloscope on which the photomultiplier recording was displayed and the other attached to the viewing telescope of the photomultiplier under which both the entire bearing cell and the area encompassed by the aperture of the photomultiplier were shown. A special-effects generator (Panasonic WV 600P) permitted simultaneous display of the images from both television cameras on the same monitor. This composite image was stored on a Js-inch videotape recorder (Panasonic WV 3025D) for subsequent analysis. The television recording gave information on the propagation of contraction within a fiber. The photomultiplier recording provided precise chronological information, although heterogeneity of the optical density within a fiber precluded quantitative calibration of the amplitude. The 16-mm Bolex camera gave information similar to that given by the television camera but with a better resolution and less persistence of the image.
ELECTRICAL RECORDINGS
Electrical activity was recorded using microelectrodes (40-60 megohms) filled with 2 . 5 -3 M KC1 and connected by a high-impedance preamplifier with negative capacitance (Bioelectric) to the input of the oscilloscope. Recordings were made between the intracellular microelectrode and either a large silver chloride electrode placed on the edge of the depression slide or an extracellular microelectrode (differential recording to minimize interference). Microelectrodes were placed with a Leitz micromanipulator on which a piezoelectric head was mounted, using a quartz crystal with an expansion variable between 0 and 5u (Stoetling). The microelectrode was positioned close to the cell with the Leitz micromanipulator, and impalement was obtained using the remote control of the piezoelectric device. To minimize the motion of the cell during impalement, a microelectrode with a heat-occluded tip was placed in contact with the cell with a second Leitz micromanipulator. Polarization was applied through the microelectrode, using a bridge circuit to minimize the artifact of stimulation (15) .
Results
COMPARISON OF ENZYMATICALLY SEPARATED CELLS AND DISRUPTED FIBERS OF RAT VENTRICLE
Morphology and Contraction.-Ten percent of the single cells dispersed by enzymes were suitable for physiological studies. These cells were tubular (30-60//, in length, 10-15/i in diameter), and their striations were clearly visible under the phase-contrast microscope (Fig. 1A) . Among these cells, half were quiescent but capable of contractions under conditions to be described later, and the others beat spontaneously. The remaining 90% of the single cells were round rather than elongated with dark punctuated areas in place of clear striations; this condition corresponds to contracture (Fig. IB) .
Contraction in the tubular striated cells consisted of a rapid, single, homogeneous shortening of the entire cell similar to the contraction of an intact muscle strip ( Fig. 2A , left). Postextrasystolic potentiation was observed in the beat following a spontaneously premature contraction; this potentiation consisted of an increase in amplitude and rate of rise of the photomultiplier curve ( Fig. 2A , center). Contractions occurring after a long rest interval were larger than those occurring after a short interval ( Fig. 2A, right) . Furthermore, with increased frequency of beating, the extent of contraction was always reduced, as it is in adult rat cardiac muscle (16) . Frequency of contractions varied directly with temperature. Contraction rate averaged 60 beats/min at 15°C, 100 at 22°C, 130 at 28°C ; 180 at 30°C, 210 at 32°C, and about 300 at 37 C C. When two cells remained connected, either synchronous contraction or various degrees of intercellular conduction block could be observed on the television monitor.
In half of the cells in contracture, intracellular undulations were visible. These undulations contrasted with the overall contraction of the tubular cells but were similar to the mechanical activity of disrupted fibers.
The fibers obtained by mechanical disruption were irregularly shaped with dimensions CtrcuUiion Riitrrch, Vol. XXXI, Septtmbtr 1972 ranging between 10 and 100/J,. In the standard medium (see Methods) nearly all the fibers and cell fragments were beating spontaneously, including those with dimensions smaller than a single cell. Larger fibers ( Fig. 1C and D) had irregular ends which appeared disrupted under phase microscopy. This was confirmed by electron microscopy. These ends had the same mechanical activity as the center of the fiber. Partially dissociated myofibrils ( IJX in diameter) were cyclically contracting, as shown under the lOOx (objective. The possible existence of intact cells in larger pieces of tissue will be discussed later.
The mechanical activity of these disrupted fibers differed greatly from that of the tubular enzymatically separated cells. Contraction was localized, at a given time, at a few sarcomeres but could propagate 20-50/u. within a fiber at 50-100 p.I sec. Other parts of this fiber contracted independently with variable delay and unpredictable order. Such activity with intracellular asynchrony might be described as intracellular fibrillation. However, shortening of more than 10% of the total length of the fiber was sometimes observed. This overall shortening reflected variable amounts of local contraction: some areas of the fiber were in full contraction so that striations were indiscernible, but other areas were apparently relaxed. Periods of asynchronous contractions were separated by periods of rest. The photomultiplier recording showed several components in each of the beats corresponding to the periods of contraction (Fig. 2B ). These components corresponded to contraction of the area encompassed by the photomultiplier diaphragm or to asynchronous contraction of other areas of the fiber, as shown with the simultaneous television monitoring. The number of components in each beat decreased when the fiber dimensions were smaller (Fig. 7, 10 -30/A fragments). Frequency of the beats was temperature dependent, averaging less than 1 beat/min at 15°C, 6 at 22°C, 15 at 28°C, 25 at 30°C, and 30 at 32° C. Furthermore, the velocity of propagation of the contraction within a fiber was slower at a lower temperature. Electrical Activity.-Impalement of cells separated by enzymes was achieved in less than 1% of attempts, which is considerably less than that reported by others for embryonic cells (15, 17) . This was largely due to the free movement of adult cells in the homogenate; embryonic cells are attached to the bottom of culture dishes. Impalement of quiescent cells always resulted in induction of automaticity. Frequently rapid beating became asynchronous within the cell, and the membrane potentialrfell to zero. These events were followed in a few seconds by a contracture.
In isolated single cells, the action potential ( Fig. 3) evolved from a low resting potential ranging from -30 to -50 mv, with a slow diastolic depolarization. Little or no overshoot was observed. The duration of the action potential was over 100 msec at 22°C. A fast rate of rise of the depolarization (spike) was never observed in these single cells, probably resulting from inactivation of the rapid Na + channel due to the low resting potential. Attempts to hyperpolarize these cells by current passed through the microelectrode were unsuccessful. When the microelectrode was placed in a cell still associated with a few other cells, the resting potential was larger (50-80 mv) and a spike was frequently recorded which could be separated by a notch from the remaining part of the action potential (Fig. 4, top) . It was sometimes Comparison of characteristics of a cell separated enzyinatically (left) and a fiber with disrupted sarcolemma (right Depolarization phase of the action potential recorded in the same enzymatically prepared cell before (1) and after (2) possible to complete the separation of the explored cell by gently pulling on neighboring cells. This separation resulted in a disappearance of the initial spike, a decrease of resting potential, and a smooth continuation of slow diastolic depolarization into systolic depolarization (Fig. 4, bottom) . In fibers with disrupted sarcolemmas, the resting potential was never larger than -10 mv, and an action potential was never recorded. in NaCl to maintain osmolarity resulted in contracture. Even during contracture induced by 137 mM KCl (NaCl 0 mM), cyclic undulations were visible for a few minutes in the rounded cells. It was also possible to separate cells with a medium containing 137 mM KCl instead of NaCl. In this medium, cyclic undulations were visible for several minutes within groups of cells in contracture. In these cells there was no resting potential larger than -10 mv. Effects of replacement of NaCl by sucrose were similar to those obtained in high-potassium media.
An increase of CaCl 2 from 0.05 mM to 0.8 mM resulted in an increase in amplitude of shortening and a moderate increase in frequency of contraction of the tubular striated were better tolerated than a sudden increase in CaCl 2 from 0.05 mM to 1 mM, but contracture was always observed in the presence of 1.5 mM CaCl2-In fibers with disrupted sarcolemmas, cyclic contractions were totally insensitive to variations of Na + , K + , and Cl~. There was no significant difference in frequency and amplitude of cyclic contractions when fibers were bathed with 132 mM KC1 or NaCl; the isosmotic replacement of chloride by propionate or methylsulfate also had no effect. Replacement of these salts by sucrose yielded the same results. For each buffer, Ca 2 + contamination was measured, and EGTA was added in appropriate concentration to maintain pCa constant. (Fig. 6 ). The amount of Ca 2 + required was variable (0.005-0.020 mM) with the EGTA concentration (0.06-0.15 mM) and corresponded to the concentration necessary to bring the pCa to about 7.50-7.60 at 22°C. When the temperature was lowered, threshold for cyclic contractions corresponded to a lower pCa.
CALCIUM DEPENDENCE OF CYCLIC AND TONIC CONTRACTIONS OF DISRUPTED FIBERS
In the presence of low levels of EGTA (0-0.2 and in a very wide range of pCa, Induction of cyclic contractions on disrupted fibers. decrease in pCa resulted in an increase in frequency and amplitude of cyclic contractions. The upper limit of free Ca 2+ concentration for which it was possible to obtain cyclic contractions was very high. The contractions could be observed in the standard medium without EGTA. Cyclic oscillations could even be seen in cells in contracture in the presence of up to 0.05 HIM free Ca 2 + . Calcium Dependence of Tonic Contractions.-In the presence of high levels of EGTA (2 mM), cyclic contractions were absent and a contracture was elicited when Ca 2 + was added to the media. In a medium containing 4 mM magnesium, and 5 mM ATP at pH 7.0, shortening of fibers was not observed when the pCa was greater than 6.50. Small amounts of shortening (less than 5%) were observed in some fibers at a pCa of 6.25-6.50. At a pCa of 6.0-6.25 contracture of fibers occurred. These thresholds were identical when either K + or Na + was used as the major cation.
Thus, the existence of cyclic vs tonic contractions was dependent on the total concentration of EGTA. In the experiment illustrated in Figure 7 , the same increase in free [Ca 2 + ] (pCa 6.5-5.5) was obtained in either low (0.025 mM) or high (2 mM) EGTA. In low EGTA (Fig. 7A) , the increment in free [Ca 2+ ] resulted in an increase in frequency and amplitude of cyclic contractions. In high EGTA (Fig. 7C) , cyclic contractions did not occur and an increase in free [Ca 2+ ] resulted directly in a contracture. When free [Ca 2+ ] was reduced by returning to the initial medium, relaxation occurred without any cyclic activity. In Figure 7B , cyclic contractions observed in low EGTA were inhibited by high EGTA, and contracture ensued as the Ca 2+ level was augmented. Thresholds for cyclic and tonic contractions were not modified by pretreatment with EDTA (chemical skinning). (19) . In the presence of 0.025 mM EGTA and 4 mM Mg 2 + , increasing ATP concentration from 5 to 10 mM resulted in a decrease in frequency of cyclic contractions with more complete relaxation. This is similar to the effect of increasing pCa and may result from chelation of Ca 2+ by ATP in excess of Mg 2+ (19) , although a direct effect of ATP cannot be excluded.
Interaction of Calcium with Other Factors Modifying Cyclic and Tonic
Effects of ECTA on cyclic vs. tome contractions of disrupted fibers. In all three cases temperature was 22°C, pH 7.0, Mg*+ 4 mM, and ATP 5 mM; initial state (I) was pCa 6.5; estimated pCa during injection (II) was 5.5. Injection started at a time indicated by arrows and was continued for a longer time than the duration of the tracings in A and B, and for 10 seconds in C (second arrow). A: Low EGTA (0.025 HIM) represents an imperfect buffer, cyclic contractions are interpreted as being related to a transient increase in free [
When Mg 2+ was increased from 1 to 12 in the presence of 5 ITIM ATP and 0.025 EGTA, the frequency of contractions was decreased, propagation of contraction within the fiber was slower and extended for a shorter distance, and more complete relaxation occurred. The effect is contrary to expectation when ATP is bound to Mg Caffeine had no effect on the [Ca 2 + ] required for contracture in high EGTA. Its effect on cyclic contractions was variable with the level of EGTA. With less than 0.025 mM EGTA, 1-5 mM caffeine produced a transient increase in frequency of cyclic contractions with incomplete relaxation, 5-15 mM caffeine resulted in an inhibition of cyclic contractions and a contracture. With more than 0.05 mM EGTA, caffeine (5-15 mM) inhibited cyclic contractions and a relaxation was observed. Thus, caffeine inhibited cyclic contractions at any given pCa and may act by inhibition of Ca 2 + sequestration within the cell (20) . This effect would result in an increase in Ca 2+ in the medium, which would not modify appreciably the pCa in the presence of more than 0.05 mM EGTA, but would modify it in the presence of less than 0.025 mM EGTA. This would result in an increase in the frequency of cyclic contractions with low levels of caifeine and in a contracture in the presence of higher levels.
DIFFERENCES BETWEEN SPECIES
Frog Ventricle or Atria.-Enzymatically separated cells were obtained from frog ventricle with the same technique used for the rat. During the course of the separation, long strands with a diameter of 3/x were observed, corresponding to a chain of single cells which extended without branching over a distance of 100//, or more. About 10$ of the single separated cells (15/x long) were tubular and striated. Spontaneous beating was not observed, and a contraction was not induced by KCL However, contraction was elicited by the addition of 0.2-0.5 mM Ca 2 + . The amplitude of contraction was increased when Ca 2+ was raised from 0.5 to 1 mM, and a contracture ensued with 1.0-1.5 mM Ca 2 + .
Fibers prepared by mechanical disruption
Circulation Ruetrcb, Vol. XXXI, Stpfmiir 1972 never demonstrated cyclic beating at any level of EGTA. The level of pCa required for contracture was more variable than in the rat but always occurred at a lower [Ca 2+ ]. In the presence of 4 mM Mg 2+ and 5 mM ATP at pH 7.0, shortening was apparent at a pCa of 6.75-7.0 and complete contracture at a pCa of 6.25-6.75. Contracture occurred with the same pCa in either low or high EGTA. The effects of EGTA on Ca 2+ distribution were more variable than in the rat due to variation of the Ca 2+ content of frog heart. In frog atria, similar results to those found in frog ventricle were obtained.
Mammalian Hearts.-Disrupted fibers of rat, rabbit, and cat atria gave results similar to those for rat ventricle. In the standard medium described for the rat, disrupted fibers of cat ventricle demonstrated cyclic contractions for a few minutes. No cyclic contractions were observed in rabbit ventricle in this medium. However, cyclic contractions were obtained with fibers homogenized in a buffer of similar composition but containing 10 mM phosphate.
Skeletal Muscle.-Disrupted fibers of skeletal muscles were prepared with the same technique used for heart muscle. In white skeletal muscle (frog semitendinosus), cyclic contractions were not observed in the standard medium described for the rat ventricle. However, cyclic contractions occurred under two conditions: (1) when pCa was less than 5.0 and (2) when caffeine (5-15 mM) was present at a pCa of 6.5-7.0. In contrast, with red skeletal muscle (rabbit masseter) cyclic contractions were never obtained under any conditions including the addition of caffeine or alterations in pCa and temperature.
Discussion CLOSED CELLS VERSUS DISRUPTED FIBERS
Single cell preparations of cardiac muscle have been sought to avoid the structural complexities of intact tissue. Embryonic cardiac cells have provided such a preparation (15, 17, 21) but appear to be insensitive to some factors which modify activation and contraction of adult myocardium (15) . Accordingly, techniques for separating adult cardiac cells have been sought (7, 10, 11) . Single adult cardiac cells have been obtained by enzymatic methods, some of which appear to maintain normal ultrastructure (11) . In the present report, action potentials with durations over 100 msec were demonstrated in such cells. This finding excludes a previous hypothesis that single cells would produce a sptke similar to that of nerve and that the broad action potential would reflect spatial summation of electrical activity from numerous cells (22) . The low resting potentials and the sensitivity to external Ca 2 + suggests that the membrane of these cells is not entirely intact. The existence of cyclic contractions in the presence of low levels of Ca 2+ is not a good criterion for selection of cells close to a physiological state. This might explain the considerably lower percent of satisfactory cells reported in this paper as compared to that reported in earlier studies (10, 11) . Absence of spontaneous contractions in the absence of added Ca 2 + seems to indicate the more intact cells since these cells tolerate the highest level of Ca 2+ without developing contracture. However, electrical activity was not studied in this situation since placement of the microelectrode itself always resulted in spontaneous activity. Induction of cyclic contractions or an increase in their frequency could also be obtained with a moderate elevation of K + , which could correspond to a depolarization bringing the diastolic potential close to threshold and therefore shortening diastole. Lowering of the threshold could explain the moderate increments in frequency observed when external Ca 2+ was increased.
While homogeneous contraction occurred in the cells described above, cyclic undulations or contractions with intracellular block were always associated with the absence of resting and action potentials. These oscillations corresponded to a disruption or a depolarization of the membrane which exposed the internal structures of the cell to a high concentration of Ca 2 + . Disruptions occurred in many enzymatically separated cells, resulting from damage by enzymes or microelectrode. These cells contracted asynchronously in high NaCl and in high KC1. Complete depolarization of an intact cell by KC1 provoked an increase in the intracellular concentration of Ca 2 + , since the membrane potential was persistently below the threshold for the Ca 2+ channel. We observed under low-power microscopy cyclic intracellular contractions in 100/t thick rat papillary muscle placed in Krebs-Ringer's solution with KC1 140 DIM, no NaCl, and CaCl 2 2.5 mM. Simultaneous recording with an ordinary force transducer (0.05-1.0 g) showed only a smooth contracture. Such subcellular oscillations have been observed on trabecular muscles of various species during the contracture provoked by the absence of NaCl (23), but they were never obtained in frog heart. After-contractions not accompanied by an action potential may be similar to these oscillations and can be observed when intracellular [Ca 2 + ] is increased by hypercalcemic media and digitalis (24) or by caffeine (25) . Thus, the existence of intracellular cyclic contractions without action potentials means only that the intracellular [Ca 2 + ] is higher than a critical level. The existence of such contractions in the presence of a high extracellular [K + ] does not prove a membrane disruption. However, the observation that the same phenomenon occurs in media containing either 132 mM NaCl or 132 mM KG supports the presence of a mechanical or a chemical skinning.
Criteria for the demonstration of disrupted vs. closed sarcolemmas are summarized in Figure 3 . In addition, disruptions of peripheral cells were seen under the phase-contrast microscope. The presence of nondisrupted fibers in large fragments of tissue is possible. On pieces of tissue larger than 100/x which were in contracture due to the absence of EGTA, resting potentials as large as -35 mv were observed in high Na + , but these potentials were less than -10 mv in high K + . Large fragments and high Ca 2+ were the two conditions required to obtain such resting potentials in high Na + . This would create the setting for healing over of the membrane. Under standard experimental conditions, removal of Ca 2+ from the sarcolemma by EGTA CircuUtia* Rutvcb, Vol. XXXI, Srplemhtr 1972
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is likely to produce a chemical skinning although it may not be as perfect as that resulting from EDTA. If incompletely skinned cells were present in some of the largest fragments used for experiments, these cells would not modify the interpretation of data obtained by localized optical recordings of the mechanical activity of disrupted areas.
REGENERATIVE RELEASE OF CALCIUM FROM CELLULAR STORES
In disrupted fibers, the free [Ca 2+ ] could be buffered with high levels of EGTA-Ca. Under these conditions, the tonic contraction observed represented the direct effect of free Ca 2+ on myofilaments. The threshold was compatible with data for contraction in other muscles (13) and for superprecipitation of actomyosin preparations in heart muscle (26) . This threshold was dependent on Mg 2+ and H + but independent of Na + and K + . Cyclic contractions were inhibited at any level of pCa in the presence of high levels of EGTA, but they occurred in low EGTA over a wide range of Ca 2+ concentrations. This suggests the presence of a Ca 2 + sink which is in competition with EGTA for sequestration of Ca 2 + . This Ca 2 + sink can be termed cellular Ca 2+ stores without definition of its ultrastructural localization. In the standard homogenate at 22° C and pH 7.0 and in the presence of 4 ITIM Mg 2 + and 5 mM ATP, cyclic contractions were observed at a pCa of 7.5-7.6, but threshold for the tonic contraction of myofilaments occurred at a pCa of 6.0-6.5. Consequently, when the pCa of the medium was set at 7.5-7.6, additional Ca 2+ had to be cyclically released from the cellular Ca 2+ stores to activate myofilaments at each contraction. A slight variation of pCa around the threshold for cyclic contractions were sufficient to induce these cyclic contractions. Thus, this large release of Ca 2+ induced by a small amount of added Ca 2+ corresponds to a regenerative release.
A regenerative release of Ca 2+ by internal stores has been recently described for skeletal muscle (3) (4) (5) 27 for excitation-contraction coupling represented only a small fraction of total tissue Ca 2 + , its variations would be undetectable with our current techniques. Therefore, the alternative hypothesis that regenerative release would be induced by filling cellular stores of Ca 2+ above a certain level is just as valid as the preceding hypothesis relating the modification of membrane permeability to free Ca 2 + . The important common fact in both hypotheses is the disproportion between Ca 2+ added to the medium and Ca 2+ released within the fiber. Thus, a small Ca 2+ flux across the membrane during the plateau phase of the action potential would permit activation.
The experimental finding which supports the hypothesis of a physiological regenerative release is the observation of the first contraction induced by a slight variation of [Ca 2+ ] (Fig. 6 ). This contraction is followed by a relaxation which shows that the excess Ca 2 + is sequestered and which is inhibited by caffeine (20) . This sequestration process can lower considerably the free [Ca 2 + ] around each sequestration site, so that a partial relaxation can be observed in the presence of a concentration of free Ca 2+ in the medium higher than the threshold for full contraction of myofilaments. The relaxation will be followed by other contractions, showing that the sequestered Ca 2+ is cyclically released, although this fact per se does not demonstrate that this release is regenerative. Oscillations (i.e., cyclic contractions) represent a complex phenomenon, of which a regenerative Ca 2 + release is only a part. Their frequency may be dependent on phasic changes of Ca 2+ binding and release (29) or on the kinetics of crossbridge interactions (30) or both. Propagation of the oscillations within the fiber may be explained by the hypothesis that the Ca 2 + released from a storage site not only triggers the contraction of nearby myofilaments but also releases Ca 2+ from other storage sites (4). However, an alternative explanation has been proposed for skeletal muscle (31) . Thus, the amplitude of cyclic contractions may be variable with the [Ca 2+ ] even if the regenerative release is an all-or-none phenomenon at each site.
In skeletal muscle the sarcoplasmic reticulum plays a major role in both release and sequestration of Ca 2 + (1-5). This is supported by our failure to obtain cyclic contractions in red skeletal muscle in which the sarcoplasmic reticulum is poorly developed (32) . Cyclic contractions in the disrupted fibers of cardiac muscle seem to be related to sarcoplasmic reticulum, although mitochondria and subsarcolemmal vesicles may also be involved. Even though spontaneous contractions were observed in enzymatically separated cells of frog cardiac muscle, it was impossible to obtain cyclic contractions on disrupted fibers of this tissue. This might be related to deficient Ca 2+ stores in the sarcoplasmic reticulum (33) , although numerous vesicles may be seen with electron microscopy (6) . The absence of a T system in this tissue does not explain the failure to obtain cyclic contractions, which can be obtained in atrial cells where the T system is generally absent too (34) . The sustained cyclic contractions more readily obtained in rat ventricle than in other species may be related to important stores of Ca 2+ in rat sarcoplasmic reticulum.
This would be consistent with the hypothesis attributing the negative staircase, which is well developed in rat ventricle, to sarcoplasmic stores of Ca 2 + (16). However, it has been demonstrated that in heart muscle stores of Ca 2+ are mostly subsarcolemmal (35) . Ca 2 + overloading the sarcoplasmic reticulum may induce a release (36) which would not have occurred under physiological conditions (37) . Electron microscopy of fibers in standard medium with a pCa of 6.5 shows large dilations of sarcoplasmic reticulum (unpublished observation), which might be consistent with osmotic phenomena due to a high [Ca 2 + ] inside the sarcoplasmic reticulum. Clearly, there is excess Ca 2+ under these standard conditions. The possibility of a persisting excess of Ca 2 + in the sarcoplasmic reticulum even after depletion with EGTA and at a pCa of 7.5 is less likely but cannot be discounted. Ca 2+ might be released by a regenerative process from structures other than the sarcoplasmic reticulum.
